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Abstract 

We show how chiral type I models whose tadpole conditions have no supersymmetric 
solution can be consistently defined introducing antibranes with non-supersymmetric 
world volumes. At tree level, the resulting stable non-BPS configurations correspond 
to tachyon-free spectra, where supersymmetry is broken at the string scale on some 
(anti)branes but is exact in the bulk, and can be further deformed by the addition of 
brane-antibrane pairs of the same type. As a result, a scalar potential is generated, 
that can stabilize some radii of the compact space. This setting has the novel virtue 
of linking supersymmetry breaking to the consistency requirements of an underlying 
fundamental theory. 
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1. Introduction 

Type I models have become the subject of an intense activity during the last few years, 
since their perturbative definition offers interesting new possibilities for low-energy phe- 
nomenology, and in particular leaves some freedom to lower the string scale well below the 
Planck mass, if some extra dimensions are large ^ ^, Their consistency and a number 
of their most amusing features may be traced to the relation to suitable "parent" models 
of oriented closed strings, from which their spectra can be derived. In this procedure, a 
special role is played by "tadpole conditions" for Ramond-Ramond (RR) states 0. These 
may be regarded as global neutrality conditions for RR charges [0, constrain the (integer) 
Chan-Paton multiplicities, and are usually linked to gauge and gravitational anomalies. 

The explicit study of type I vacua, however, has revealed an unexpected difficulty: in 
some interesting chiral four- dimensional models it is apparently impossible to satisfy some 
of the tadpole conditions P, |]. This pecuhar phenomenon can often be traced to sign flips 
of some crosscap contributions or, in more suggestive space-time language, to the reversal 
of some orientifold charges. Examples are actually known where the solution would lead to 
negative Chan-Paton multiplicities, thus violating the positivity of the annulus amplitude, 
or where no solution can be found in general, because crosscaps and boundaries scale 
differently with the internal volume. 

In a recent work, it was shown how this difficulty can be evaded, in a prototype six- 
dimensional Z2 model and in the four-dimensional Z2 x Z2 orientifold, if one relaxes the 
condition that the brane configuration be supersymmetric, thus allowing for vacua includ- 
ing both branes and antibranes. As a result, supersymmetry is broken on some collection 
of branes at the string scale, while it is preserved (to lowest order) in the bulk and possibly 
on other branes. Aside from its interest for the consistent definition of type I models. 



this scenario, termed in ||T0| "brane supersymmetry breaking", has clearly some beauty 



of its own if our non-supersymmetric universe is modeled as a brane in a bath of higher- 
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dimensional supergravity. Rather than being introduced as a possible deformation, the 
breaking of supersymmetry in our low-energy world would then be seen as a neat con- 
sequence of the internal consistency of the underlying String Theory. Moreover, in this 
context the present experimental limits on small-distance deviations from Newtonian grav- 
ity leave open the exciting possibility that supersymmetry, broken on our world brane, be 
almost exact a millimeter away from it. We would like to stress that this mechanism links 
supersymmetry breaking to the string scale, rather than to geometric scales of the internal 
space, as Scherk-Schwarz |[TT| , p^ , |13|, [l^ or magnetic [|15| deformations. The natural dis- 



tinction between these two settings, however, is closely linked to a geometric interpretation 
of the two-dimensional Conformal Field Theory, and is somewhat blurred in non-geometric 
settings, such as those recently explored in |p!6| . 

Actually, all these vacua can be further deformed. In particular, in type I models 
one can add arbitrary numbers of D9 - D9 and D5 - D5 brane pairs without violating 



any RR tadpole condition [|1^, |T8[ , but introducing additional breakings of supersymmetry 



on the branes. For instance, starting from the Zj, orientifold of |T9[, one can thus build 
semi-realistic three-generation models [Q. We would like to stress that the introduction 
of (anti)5-branes requires in general that additional Z2 projections act on the boundaries 
consistently with the closed spectrum. In this case the resulting configurations are generally 
unstable, due to the presence of tachyonic modes that, however, can often be lifted by 
suitable Wilson lines (or, equivalently, by suitable brane displacements). This should be 
contrasted with the original setting for brane supersymmetry breaking [|l^, where the 
brane configuration involves branes and antibranes of different types and is by construction 
stable. Still, in both settings the models include non-BPS (anti)brane systems of the type 
considered in ||^, whose interactions with gravity are consistently described by type I 
string theory. 

In this work we discuss in more detail the open descendants of two typical examples 
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of type IIB orbifolds, where the problem of unsolvable tadpoles was first encountered. We 
begin in Section 2 with a detailed discussion of four- dimensional Z2 x Z2 models with 
discrete torsion, showing how the unavoidable reversal of some of the orientifold charges 
is naturally accompanied, in a fully consistent construction, by the simultaneous presence 
of branes and antibranes. We also discuss similar modifications of the open descendants 



of the corresponding freely-acting orbifolds recently studied in |T^. In Section 3 we turn 
to the /Zi orbifold, a canonical case where the tadpole conditions can not be solved. 
Here we can display a consistent non-supersymmetric solution, provided the Klein-bottle 
projection is also modified, with the net result of lifting the offending twisted tadpole. 
We should stress, however, that the difficulties met in these two classes of orbifolds are 
rather distinct. In type-I models, the twisted tadpoles are generally related to non-abelian 
gauge anomalies, whereas the untwisted ones are related to gravitational anomalies, ab- 
sent in four dimensions. In the Z2 x Z2 models with discrete torsion the twisted tadpoles 
are actually solvable, whereas the untwisted ones are not, and as a result even the naive 
supersymmetric open spectrum is free of non-abelian gauge anomalies P]. On the other 
hand, in the Z4 model with standard Klein bottle the problem is related to the twisted 
tadpoles, and as a result the naive supersymmetric open spectrum has non-abelian gauge 
anomalies ^ . In Section 4 we discuss the possible deformations of type I models to stable 
vacuum configurations including both branes and antibranes of the same type. In partic- 
ular, we discuss deformations of six-dimensional toroidal compactifications, that may thus 
include arbitrary pairs of D9 - D9 and D5 - D5 branes, and present a similar generaliza- 
tion of the four- dimensional jZ^ orientifold studied in Section 3. We show explicitly how 
the presence of additional brane-antibrane pairs, via the resulting NS-NS (Neveu-Schwarz) 
tadpoles, can actually stabilize the radii of the compact internal space. All the models 
presented in this paper are meant to provide new instances of the phenomenon discussed in 
||T0| : to lowest order, the D-branes are supersymmetric (with suitable diagonal subgroups 
of the antibrane gauge groups realized as global symmetries), while the antibranes are not. 
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Finally, Section 5 contains our Conclusions and the two Appendices collect some relevant 
properties of the characters used in the text. 



2. Z2 X Z2 orientifolds and discrete torsion 

Let us begin by displaying the torus amplitude for the parent type IIB x Z2 orbifold. 
Aside from the identity, that we denote by o, the other three elements act on the three 
internal two-tori as 



9 ■■ (+, 



/:(-+,-) 



(2.1) 



In the Z2 X Z2 orbifold, one has the freedom of introducing discrete torsion ||22|, that 
corresponds to associating a sign e = ±1 to the independent modular orbit containing all 
terms that are twisted and projected by two different orbifold operations. Omitting for 
brevity the contributions of the space-time bosons, the torus amplitudes of the two Z2 x Z2 
models are 



4' 



r = -<!|T„o|%A2A3 + |T„,|% 



4^2 



4^2 



+ l^gorAi 



4^2 



4iy2 



4i^2 



+ e(|r,,|2 + |r,^ 



4^2 



+ i%rA2 



4^2 



|2+|T^,|2^|rj;,|^+|T;,,|^+|r,,j| 



(2.2) 



where the A^ are lattice sums for the three internal tori and, throughout the paper, we let 
a' = 2. We have expressed the torus amplitude in terms of the 16 quantities (fc = o, g, h, f) 



T, 



ko 



T, 



kh 



no + Tkg + Tkh + Tkf 



Tko - Tkg + Tkh - Tkf 



Tkg — Tko + Tkg — Tkh — Tkf , 
Tkf = Tko — Tkg — Tkh + Tkf , 



(2.3) 
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where the 16 Z2 x Z2 characters combinations of products of level-one S0(2) char- 

acters, are displayed in Appendix A. The choices e = =f1 identify the models with and 
without discrete torsion, whose low-energy spectra are quite different: in the first M = 1 
supergravity is coupled to 52 hypermultiplets and 3 vector multiplets, while in the second 
it is coupled to 4 hypermultiplets and 51 vector multiplets. These spectra correspond to 
orbifold limits of Calabi-Yau manifolds with Hodge numbers (51, 3) and (3, 51), respectively. 

The n projections that we are considering are implemented by the Klein-bottle ampli- 
tudes 

/C = ^{(PlP2P3 + i^lW^2W^3 + W^lAW^3 + W^lW^2P3)Too 

+ 2 X 16[ei(Pi + eW^)T,, + e2(P2 + eW^2)T/o + e^{P^ + eW^)T^,\ {^^\ , (2.4) 



where P^ and W]~ denote the restrictions of the lattice sums A^ to their momentum and 



winding sublattices. Discrete torsion has a neat effect [Tj] on (P^ + eW^): if e = 1, the 
massless twisted contributions are diagonal combinations of the r^;, and appear in the 
Klein bottle, while if e = —1 they are off-diagonal combinations, and do not contribute to 



it. Consistently with the crosscap constraint |2^, ( p.4| ) can accommodate three additional 
signs efc. Actually, these are not independent, but are linked to the parameter e by the 
constraint 

ei £2 £3 = e ■ (2.5) 

One can write this amplitude as 

/C = ^|(PiP2P3 + \PKmW^)T,, + 2 X 16efc(Pfc + ety,)7^fco (^)'} , (2.6) 

where we have resorted to a compact notation, used extensively in the following: summa- 
tions over repeated indices and symmetrizations over distinct indices are left implicit. An 
S transformation turns this expression into the corresponding vacuum-channel amplitude 

K: = ^{{viV2V^W,'W^Wi + -^W^PtP:;,)Too + 2ek{v,W^ + e^)T,fc f^)' j , (2.7) 
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where the superscript e denotes the restriction of the lattice sums to their even terms and 
the Vk denote the volumes of the three internal tori. At the origin of the lattices, the 



constraint ( p. 51) leads to an expression whose coefficients are perfect squares, 



)5 



^0 = VI ^/viV2V'i + ei J hesj h 63 J r^, 

8 I V V ^2^3 V ^1^3 V ^1^2, 



2 



+ [ \/v^v^ + eiJ — (^2x1 — e3W-^ ) Tog 

V V ^2^^3 V ^1^3 \V1V2' 



2 



+ I \/VlV2Vz - ei J + (^2. -^ - 1 V 

V V ^2t^3 V ^1^3 V^i^2; 



2 



+ I y/VlV2V3 -eij— ^2, -^ + €3. -^) Toh \ , (2.8) 

V V ^2^^3 V ^1^3 V ^1^2 / J 

that shows rather neatly how the choice ek = —1 reverts the charge of the 05^ orientifold 
plane. While manifestly compatible with the usual positivity requirements, this reversal 
clearly affects the tadpole conditions, that require the introduction of antibranes. In this 
respect, it should be appreciated that, according to ( p.5|) , discrete torsion implies the 
reversal of at least one of the 05 charges. Therefore, taking into account the presence of 
the efc, one can identify four classes of models, determined by the independent choices for 
(ei, €2, 63). If e = 1, the choice (+, +, +) gives the model discussed in ||^, with 48 chiral 
multiplets from the closed twisted sectors, while the choice (+, — , — ) gives a model with 16 
chiral multiplets and 32 vector multiplets from the twisted sectors. On the other hand, for 
e = — 1 the two choices (+, +, — ) and (— , — , — ) yield the same massless twisted spectrum, 
namely 48 chiral multiplets. 

In order to describe the annulus amplitude, it is convenient to introduce a compact 
notation. If T^^ (T^) denote the NS (R) parts of the usual combinations of supersymmetric 
Z2 X Z2 characters, we thus define 

fl^^ = T^i'-eT^^ , (2.9) 

where e = ±1. Whereas Tl:p{= tI:P), that in the following we simply denote by T^i for 
the sake of brevity, form a closed set under S modular transformations, the additional 



combinations Tj,i "* with reversed RR charges, associated to the interactions between branes 
and antibranes, do not. As a result, the corresponding terms in A, describing open strings 
stretched between branes and antibranes, contain new combinations T"^; "*, obtained from 
the interchanging O2 with V2 and S2 with C2 in the last three factors, as explained in 
Appendix A. 

The transverse-channel annulus amplitude is 



+ 4 



2viv, 



no ( fj (2.10) 



where No, Dg-o, Dj-o and Dh-o are the charges for the D9 branes and for the three sets of D5 
or D5 branes wrapped around the first, second and third torus. In a similar fashion, N^, 
Dg-k, Df-k and Dh-k {k — g, f, h) parametrize the breakings induced by the three orbifold 
operations g, f and h. As expected, the RR part of every term describing the interaction 
between a brane and an antibrane has a reversed sign. The untwisted terms at the origin 
of the lattice sums rearrange themselves into perfect squares: 



2 



2 



Noy/vrv^ + eiDg-oJ + e2-D/;oW-^ + e3-D/i,oW— ^ I r^o 
, V V2V3 V ^1^3 V ^1^2 J 



2 



V ]1 V2V3 ''\lv1v3 \jv1v2J ^ 

- 1 Noy/viV2V3 + eiDg-oJ— e2Df.o\ — esDh-ox ] r^n 

V ]l V2V3 ]l V1V3 \V1V2) ^ 

2 



V \ V2V3 ■''yviV3 \ V1V2 ^ 



Noy/ V1V2V3 - eiDg-oi h e2Df.oJ e3Dh;o\ r^f 

y V V ^1^3 V '"1V2J ^ 



V \ V2V3 \ V1V3 \v1V2' 



2 



- (NoV'UI^-eiDg,o.^-e2Df,o\^+e3Df,,o.^] r,^^ 1.(2.11) 

Moreover, the breaking terms reflect rather neatly the geometry of the (anti)brane configu- 
ration. Indeed, the coefficient that multiphes a given twisted character is a sum of squares 
associated to the fixed tori of the various twisted sectors, and each square contains the 
breaking terms for the branes present in the fixed tori, with factors ^/v if they are wrapped 
around them or 1/ ^/v if they are locahzed on them. The relative coefficients of these terms 
are also directly linked to the brane geometry, and are given by 



# of fixed tori 



V # of occupied fixed tori 
Thus, for a given twisted sector, the numerator counts the fixed tori, while the denominator 
counts the fixed tori where branes are actually present. Moreover, the R portions of the 
characters describing brane-antibrane exchanges have reverted signs also in these twisted 
contributions, as expected. For instance, in the (^-twisted sector of the (+H — ) model, that 
contains DSa branes, the reflection coefficients for the massless modes in Tgh are 

Ng^, - ADg.g^ " 2Df.g^ + 2/^;,;,^^ + 3 ( N g " 2Dj.g—^ 



+3lNg^, + 2Dh;g^\ +9N'vi 



2 



for the NS portion, and 

Ng^,~ADg,g^,-2Df,g^-2Dy,,g^ + 3 ^ iV, - 2 D ^ ; , ^ 



(2.13) 



+ 'i{Ng^^-2Dt,,g^\ +m-'gV^ 



2 

(2.14) 



for the R portion. According to ( p.l2| ), the coefficient of Ng is since the D9 are wrapped 



around all fixed tori, the coefficient of Dg.^g is ^y/vl, since the D5i are only wrapped around 
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one fixed torus, while the coefficients of Df.g and Dh-g are since the D52 and DSs 

are confined to four of the fixed tori. Finally, out of the 16 gi-fixed tori, one sees all the 
branes, three see only the D9 and the D52, three see only the D9 and the DSa and, finally, 
nine see only the D9. 

The direct-channel annulus amplitude is then 
^ = i I (^N'^PiP^Ps + ^PkWiWr)j Too + [{N', + DyP, + Df^,.^,Wk\ T^u (^) ' 
+ 2NoD,.,oPkTt^ (^j-J - 2N,Dk.,,PkTtl^^ (^)' (2.15) 

where in the signs (— l)'^"'"' and (—1)"*+'= k,l,m take the values 1,2,3 for the g, /, and h 
generators. The transverse-channel amplitudes K, and A determine by standard methods 
the transverse Mobius amplitude 



+ [D,,oe,^T^^ + D,,oV,WtT^:^^) (^^^ (2.16) 



1] 

and, after a P transformation, the direct-channel Mobius amplitude 

.^2 



M = -l[NoPiP2P3foo-NoPkektk[j-j +lDk.oPkWiWmekTt^ 

- {D,,oe,wJ<^^ + D,,oPkf^^^) (2) } . (2.17) 



From the transverse amplitudes one can now read the tadpole conditions 

7V„ = 32 , Ng^Nf = Nn = Q , 

Dk;o = 32 , Dk;g = Dk-J = Dk;h = . (2.18) 
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2.1. Massless Spectra 

The models where only one ek is negative have discrete torsion and contain one D5. 
For the D9 and the two sets of D5 branes, the gauge groups are U(8) x U(8), with J\f — 1 
supersymmetry, while for the D5 branes the gauge group is USp(8)'', with jV" = 0. Moreover, 
the 59 and 5^5; strings are supersymmetric, while the 95 and 5jt5 strings are not. Let us 
discuss in some detail the case (61,62,63) = (+ H — ), that contains D5 branes wrapped 
around the third torus. To this end, let us parametrize the charges as 



No 


= o+g+d+g , 




= i{o + g-o-g) , 


Nf 


= Ko-g-o + g) , 


Nh 


= o-g+d-g , 


Dg;o 


= 01 + gi + di + gi , 




= i{oi + gi-di- gi) , 


DgJ 


= Ol- gi + di-gi , 


Dg;h 


= -i{oi - gi-di + gi 


Df;o 


= 02 + g2 + 02 + g2 , 


Df;g 


= 02- g2 + 02-g2 , 


Df;f 


= i{o2+g2 -02- ^2) , 


Df;k 


= i{o2 - g2 - 02 + §2) 


Dh-o 


= a + b + c + d , 




— a + b — c — d , 


DhJ 


— a — b + c — d , 


Dh-h 


— a — b — c + d , 



and extract the massless spectrum from the amplitudes at the origin of the lattices. The 
99, 5i5i and 5252 sectors have J\f — 1 supersymmetry, and all give gauge groups U(8) x 
U(8), with chiral multiplets in the representations (8,8), (8,8), (28,1), (1,28) and their 
conjugates. Moreover, as expected, the 95i, 952 and 5i52 strings are also supersymmetric, 
and contain chiral multiplets in the representations 

95i: (8,1; 1,8), (1,8; 8,1), (8,1; 8,1), (1,8; 1,8), 
952: (8,1; 1,8) , (1,8; 8,1) , (8,1; 8,1) , (1,8; 1,8) , 
5i52: (8,1; 8,1), (1,8; 8,1), (8,1; 1,8), (1,8; 1,8). 
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On the other hand, the strings whose ends hve on the antibrane give rise to supersym- 
metric spectra, even if the annulus contains supersymmetric characters, since bosons and 
fermions are treated differently by M.. Thus, the sector contributes a gauge group 
USp(8)^, with Weyl spinors in the (28, 1, 1, 1) and in three additional permutations, and 
chiral multiplets in the (8, 8, 1, 1) and in five additional permutations. Finally, the strings 
stretched between a brane and an antibrane have non-supersymmetric spectra, with Weyl 
spinors and complex scalars in the representations 



953 


spinors : 


(8,1; 8, 1,1,1) , 


(1,8; 


1,8,1,1) , 


(1,8; 


1,1,8,1) , 


(8,1; 1,1, 1,8) , 




scalars : 


(8,1; 1,8, 1,1) , 


(1,8; 


8,1,1,1) , 


(1,8; 


1,1,1,8) , 


(8,1; 1,1, 8,1) , 


5i53 


spinors : 


(8,1; 1,1, 8,1) , 


(1,8; 


1,1,1,8) , 


(1,8; 


1,8,1,1) , 


(8,1; 8, 1,1,1) , 




scalars : 


(8,1; 1,1, 1,8) , 


(1,8; 


1,1,8,1) , 


(1,8; 


8,1,1,1) , 


(8,1; 1,8, 1,1) , 


5253 


spinors : 


(8,1; 8, 1,1,1) , 


(1,8; 


1,1,1,8) , 


(1,8; 


1,1,8,1) , 


(8,1; 1,8, 1,1) , 




scalars : 


(8,1; 1,1, 1,8) , 


(1,8; 


1,8,1,1) , 


(1,8; 


8,1,1,1) , 


(8,1; 1,1, 8,1) . 



The choice (ei, €2, £3) = ( ) also corresponds to a model with discrete torsion. In this 

case, however, there are D9 branes and three sets of D5 branes, while the charges are to 
be parametrized as 



No = a + b + c + d , 

Nf = a — b + c — d , 

Dg-o = Ol + g'l + Ol + ^1 , 

Dg-f = i{oi + gi - oi - ^1) , 

Df-o = 02 + 5^2 + 02 + ^2 , 

Df-J = 02- 92 + 02 - 92 , 

Dh-o = O3 + 5'3 + O3 + ^3 , 



Df;g 
Df;h 



a + b — c — d , 
a — b — c + d , 
oi-91 + di-gi , 
i{oi -91-01+ gi) , 
i{o2 + 92-02- §2) , 
-i{o2 - 92-02 + 92) , 
i{oz + 93-03- 93) , 
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i{03 - 93 - 03 + g-i) 



Dh-h 



02,-93 + 03- 93 



(2.20) 



The D9 branes have A/" = 1 supersymmetry, with gauge group S0(8)^ and chiral mul- 
tiplets in the (8,8,1,1) and five permutations. Moreover, each antibrane gives a non- 
supersymmetric spectrum, with gauge group U(8) x U(8), chiral multiplets in the (8,8), 
(8,8) and in their conjugates, spinors in the (28,1), (28,1), (1,28), (1,28) and complex 
scalars in the (36, 1), (36, 1), (1,36), (1,36). We would like to stress that in this case the 
gauginos are massless, since the Mobius amplitude does not affect the adjoint representa- 
tions of unitary groups. Finally, 5^5; sectors give chiral multiplets in the representations 



5i52 (8,1; 8,1) , (8,1; 1,8) , (1,8; 8,1) , (1,8; 1,8) , 



5i53 (8,1; 8,1) , (8,1; 1,8) , (1,8; 1,8) , (1,8; 8,1) 



5253 (8,1; 8,1 



, v^, j-y , 



1;1,8), (1,8; 1,8), (1,8; 8,1) 



and the non-supersymmetric 95^ sectors contain Weyl spinors and complex scalars in the 
representations 



95 1 spinors : 
scalars : 

952 spinors : 
scalars : 

953 spinors : 
scalars : 



1,1,1;8,1), (1,8,1,1;8,1) , (1, 1, 8, 1; 1, 8) , (1, 1, 1, 8; 1, 8) 



8, 1,1,1; 1,8) 



^,1,1,1; 8,1) 



^,1,1,1;1,: 



^,1,1,1; 8,1) 



:i, 8, 1,1; 1,8) , (1,1, 8,1; 8,1) 

:i,8,l,l;l,8) , (1,1, 8,1; 8,1) 

:i,8,l,l;8,l) , (1,1, 8,1; 1,8) 

:i, 8, 1,1; 1,8) , (1,1, 8,1; 1,8) 

:i, 8, 1,1; 8,1) , (1,1, 8,1; 8,1) 



;i,l,l,8;8,l) 



;i,l,l,8;l,: 



(1,1,1,8;8,1) 



;i, 1,1,8; 8,1) 



;i, 1,1,8; 1,8) 



All chiral spectra thus obtained are free of non-abelian anomalies. 

On the other hand, the models without discrete torsion are not chiral. The choice 
(£1,62,63) = (+ + +), discussed in P] and worked out in detail in [|^, leads to a gauge 
group USp(16)^. Another model, without discrete torsion but with two D5 branes, can be 
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obtained letting two of the be negative. The D9 and D5 branes give orthogonal gauge 
groups with M = 1 supersymmetry, while the two D5 branes give symplectic gauge groups 
with no supersymmetry. For instance, with the choice (H ) 



A = \[{Nl + Dl^ + Dl^ + Dl.;)Too + 2NoDg,J'go + 'lN,Df,,T^^^^ 



(-) 

ho 



+ 2Dg,oD },oTi ^ + 2Dg.oDh-oTj, ^ + 2D f^oD^-oTgo 

Mo = - i I ( A^o + Dg-o) {roo - Tog + Tof + Toh) 



and there are no breaking terms in the annulus. After a suitable rescaling of the charge 
multiplicities, the D52 and the DSa branes give non-supersymmetric spectra, with USp(16) 
gauge groups, spinors in the 136 and in three copies of the 120 and scalars in the 120 and 
in two copies of the 136. The 99 and 5i5i sectors have M = 1 supersymmetry, gauge group 
S0(16) and chiral multiplets in the 136 and in two copies of the 120. Finally, there are two 
chiral multiplets in the representation (16, 16) arising from the 95i and the 5263 sectors and 
complex scalars and Weyl spinors in bifundamental representations arising from the 952, 
953, 5i52 and 5i53 sectors. 

The fact that the Z2 x Z2 orientifold with discrete torsion naturally leads to non- 
supersymmetric spectra can also be argued considering F-theory on the jZ^ x Z2 x Z2 with 



discrete torsion EH], since the blow-up of this eight-dimensional orbifold is only birational 



to a Calabi-Yau fourfold [|. 

2.2. Comments on freely acting Z2 x Z2 orientifolds with brane supersymmetry breaking 



In all the models discussed in O], one can introduce D5 branes simply reverting some 



signs in the twisted sectors of the Klein bottle, as in the previous case. This procedure 



^We would like to thank Zurab Kakushadze and Koushik Ray for calling this correspondence to our 
attention. 
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generates models with branes, antibranes and various amounts of supersymmetry. For 
instance, the P23 model of fl^, with ^-momentum shifts along the last two tori, can be 
turned into a different model, described by 

2~ 



2 X 16T„, Pi 



A = IIt„, 



1)2 



n+l/2y;f_^n+l/2 



2 

2 



+ 2iV„D,,T(„-)Pi (-^j -4iVAA-^^iV^ 



A< = ff,,iV„PiP2P3 - h^^Dg,oPiW2W3) + (tgiV^ - h^^Dg.,^ Pi f^") 



+ iV„f„^(-inP2 (^1^^ + iVX,(-inP3 (^1^^ I . (2.22) 

The 99 sector gives a gauge group S0(16 — a) x SO(a) x S0(16 — c) x SO(c), with A/" = 
1 supersymmetry and chiral multiplets in the representation (16 — a, a, 1,1) and in five 
additional ones differing by permutations of the entries. The 5i5i sector gives a gauge 
group USp(8) X USp(8), with complex scalars in the (36, 1) and (1, 36), Weyl spinors in two 
copies of the (28, 1) and (1, 28), and one Af = 2 hypermultiplet in the (8, 8). Finally, the 95i 
sector gives Weyl spinors in the representations (16— a, 1, 1, 1; 8, 1), (1, a, 1, 1; 8, 1), (1, 1, 16— 
c, 1; 1, 8), (1, 1, 1, c; 1, 8) and complex scalars in the representations (16 — a, 1, 1, 1; 1, 8), 
(1, a, 1, 1; 1, 8), (1, 1, 16 — c, 1; 8, 1), (1, 1, 1, c; 8, 1). In the decompactification limit P2, R3 — ^ 
00, local tadpole cancellation requires a further breaking of the D5 gauge group to USp(4)'^, 
and the resulting configuration may be linked to the Z2 orientifold discussed in [p!0[]. 
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3. Open descendants of the IZ/^ orbifold 



The Z4 orbifold is obtained identifying the complex world-sheet coordinates X°- on the 
three internal tori and the world-sheet fermions A" according to X°- ~ oJa^"'-, A" ~ oja^""-, 
where 0;^ = e^"^'*" (a = 1, 2, 3) and the twist vector has components (ii, ti-, ts) — (|, |, — ^). 
In order to display the contributions of the A", it is convenient to decompose the original 
level-one S0(8) characters with respect to S0(2) x S0(2) x SU(2) x U(l). To this end, we 
introduce the two level-one SU(2) characters {xo, X1/2), of conformal weights (0, |), and the 
eight U(l) characters i'm = 0, ±1, ±2, ±3, 4) for a boson on a circle of radius R = \/8, 
of conformal weights hm — m^/16. The contribution of the A" to the sector twisted by o;'^ 
and projected by a;', {k, 1 — 0,1, 2, 3), can then be expressed as 

tpki = Pko + i^pki + (-l)Vfe2 + {-iypks , (3.1) 

where the characters pki are collected in Appendix B, while the contributions of the internal 
(lattice) bosons are 



'^ki 



-2 sin 



'nV 



e 



l/2+fc/4 



(3.2) 



The torus amplitude is then 

= ^||V'00|%A2A3 + -001-003001^03 



27] 



^2 



+ 1-01 



02 



2^ \ , .1 .2 72 2r/ 2 



^2 



+ 16 IV': 



^20 



A3 + 1^^221 



V 



A3 +4U2lV'23021023 



A3 + -0O3V'O10O30O1 

2r] 2 



^2 



^2 



+ 16(^VloV'3O0?o03O 
+ -013V'310?3031 
+ -032 V'12 032012 



r]_ 

^4 



+ -011-033011033 



^3 



+ V'l2-0320?20f 



12^32 



+ V'23V'210230 21 



2r] 



^4 



IL 

^3 



+ V'3oV'lO03O0^ 



^4 



+ -033V'11033011 



^4 
V 



+ -03lV'l3031013 



i?3 



i?3 



(3.3) 



Before the fl projection, the massless sector describes M = 2 supergravity coupled to 7 
vector multiplets and 32 hypermultiplets, and can thus be associated with the singular 
hmit of a Calabi-Yau manifold with Hodge numbers (/in, /i2i) = (31, 7). 
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Let us now turn to the construction of the open descendants, starting from the Klein 
bottle amplitude 



+ e 



2 X 16V^2o (^)'^3 + 2 X 4V^22 (^)' ^3 



(3.4) 



where, as in the previous cases, we have inserted a sign e = ±1 in front of the twisted 
contributions. The choice e—\ gives the usual Q projection, while the choice e—— \ inverts 
the charge of the 05 plane and, as in the previous examples, requires the introduction of 
antibranes. In the transverse channel, this amplitude turns into 

2 pe 



8 L V v\V2 J Kv^J V3 

+ 2e^o2(|)V3%-2e^22m'f} , (3.5) 



72 J Vl?3/ V3 

and a closer look at the contributions at the origin of the internal lattices 

^° ^ (v"^i^2^^3 + (Poo + P02) + (^Vvrv^ - ey'-^^ (poi + P03) 

+ -^[(l-e)(p2o + P22) + (l + e)(p2i+P23)]| (3.6) 

reveals the presence of a term proportional to l/v^. For e — 1, this gives rise to a massless 
tadpole that can not be canceled by the annulus and Mobius contributions. For e = — 1, 
however, this term becomes massive, and one can complete the construction of the open 
descendants without any further difficulties. In this case, the projected massless closed 
spectrum is jV = 1 supergravity coupled to 6 vector multiplets and 33 chiral multiplets. 
For the open sector, it is convenient to introduce a compact notation, as in the previous 
Section, defining 

^lf=^k'-ei^fi , (3.7) 

and denoting by 

^i7^ = ^ko + i^'Jki + (-l)'fTfc2 + (-^)'(Tfc3 (3.8) 
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the combinations of characters obtained from iplf^ ■* after an 5* modular transformation. The 
exphcit definition of the aki may be found in Appendix B. 

The transverse-channel annulus amplitude is then 

o L V1V2 \V4/ 

+ 16(5^ + 31)^1^20 (^)'^3Vf^3 + 32(T2 + T|,)^/.io0?o (^) 

- 8SSn42^ + 32TT^^i2 VL (^)} (3-9) 

and, in particular, the untwisted contributions at the origin of the lattices are 



2 



Ny/ViV2V3 - DJ^^ ) (P00+P02)^ 



2 



- i^^^J^^ + D^I^^ (poi + Poa)"^} • (3.10) 

It should be appreciated that the structure of the breaking terms is consistent with eq. 
( p.l2| ). Thus, in the sector twisted by a;^ they are 

{S + ASdY + l^S^ = IQS^ + IQSI + SSSd , (3-11) 

since the branes are present only in one fixed torus, while in the sector twisted by u (or 
u^) they are 

4:{R + 2RDy + 12R^ = 16R^ + 16Rl + WRRd , (3.12) 
since the branes fill the third torus, and are thus present in four of the cj-fixed points. 
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As usual, the transverse-channel amplitudes IC and A determine 



+ 2{Sij23-Sni^i-A^ls(^]] , (3.13) 



.'&2/J 

and the tadpole conditions, now solvable, are 

N = D = 32 , R = R^ = S = Sd = T = Td = 0. (3.14) 

After S and P transformations, one can then recover from ( p.9|) and (|3.13| ) the direct- 
channel amplitudes 

A = ^i^{N^PiP2P3 + D^W,W2P3)^oo + {R^ + Rl)^oi<:-^ ^^"^^ 

+ 2RRd4iUIi (^j-)+2SSn42^ P3 + 2rT^V^^3 [j-)] (3.15) 



and 

2 2 



M = -^!^NP^P2Ps^Poo + NP3i'o2(^Jj - DWiW2P3iio^ - DPsii-,^ 

+ S4A (f)+s4s^l, {f-)-Sn4-Mi (f)-SDA3'4>ls (f)}. (3.16) 



As usual, the coefficients in are fixed by factorization in the tube channel. Some sign am- 
biguities apparently present for massive characters, whose coefficients are not constrained 
by tadpoles, are fixed demanding that the direct-channel amplitudes have a correct particle 
interpretation. The latter calls for the parametrization 

N = n + m + p + m, D = d + r + q + f, 

R = n + im — p — irh , Rd = d + ir — q — if , 
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S = n — m + p — m, SD = d — r + q — r, 

T = n — im — p + ifh , = d — ir — q + if , (3-17) 

that implements the Z4 orbifold projections on the Chan-Paton charges. 

One can now read the massless open spectrum from the amphtudes (|37 
stricted to the origin of the internal lattice 

Aq + Mo = ^l^poo (n'^ + p'^ + 2mm + d"^ + q'^ + 2rf^ + poi (2nm + 2pm + 2df + 2qr) 

+ pQ2 (2np + m^ + rfi^ + 2dq + + f^^ + po3 {2nm + 2pfh + 2dr + 2qf) 

+ o"20 {nd + pq + mf + fhr) + (T21 {nf + mq + pr + fhd) 

+ cr22 (^9 + + pd + mf) + o"23 (nr + + pf + mg)| 

- ^ {poo{n + p) - pl;^\d + q) + po2{m + m) - pl;^\r + f)} , (3.18) 

while the tadpole conditions select the gauge group 80(8)9 x 80(8)9 x U(8)9 x USp(8)5 x 
USp(8)5 X 11(8)5. The D9 spectrum has J\f = 1 supersymmetry, with two chiral multiplets 
in the (8, 1,8) and in the (1,8,8) representations, and one chiral multiplet in each of the 
(1, 1, 28), (1, 1, 28) and (8, 8, 1) representations. On the other hand, the D5 spectrum is not 
super symmetric, and contains, aside from the corresponding gauge bosons, spinors in the 
(28,1,1), (1,28,1), (1,1,64), (1,1,28), (1,1,28), complex scalars in the (1,1,36), (1,1,36), 
and chiral multiplets in the (8, 8, 1) and in two copies of the (8, 1, 8) and (1, 8, 8). Finally, 
the ND strings contain complex scalars in the (8, 1, 1; 8, 1, 1), (1, 8, 1; 1, 8, 1), (1, 1, 8; 1, 1, 8) 
and (1, 1, 8; 1, 1, 8), and Weyl spinors in the (8, 1, 1; 1, 1, 8), (1, 1, 8; 1, 8, 1), (1, 8, 1; 1, 1, 8) 
and (1, 1, 8; 8, 1, 1). This spectrum is chiral, but is free of irreducible gauge anomalies. As 
in previous examples, if suitable diagonal subgroups of the D5 factors are regarded as global 
symmetries, the D9 spectrum has A/" = 1 supersymmetry. 



, (3;Tq) re- 
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4. Type I vacua with branes and antibranes of the same type 

In the previous examples we have seen how the structure of the closed sector determines 
both the types and the total numbers of D-branes present in the open descendants. In these 
cases, the breaking of supersymmetry on the branes is directly enforced by the consistency 
of the model. 



Somewhat different scenarios have been recently proposed in [[171 p!8| , ^ . In the resulting 
models, a supersymmetric open sector is deformed allowing for the simultaneous presence of 
branes and antibranes of the same type. Whereas tadpole conditions only fix the total RR 
charge, the option of saturating it by a single type of D-brane, whenever available, stands 
out as the only one compatible with space-time supersymmetry. However, if one relaxes 
this last condition, there are no evident obstructions to considering vacuum configurations 
where branes and antibranes with a fixed total RR charge are simultaneously present. The 
rules for constructing this wider class of models can be simply presented referring to a 
ten-dimensional example. 

The starting point is the familiar supersymmetric type IIB torus amplitude 

r=\Vs~Ss\' , (4.1) 

and the corresponding Klein bottle projection 

IC = ^iVs-Ss) . (4.2) 

In the transverse channel, the latter becomes 

lC = '^{Vs-Ss) , (4.3) 

and requires an open sector with a net number of 32 branes in order to cancel the resulting 
RR tadpole. Actually, both Vg and Sg develop tadpoles in this case, that in the usual 
type I model are related by supersymmetry, but are conceptually quite different. While 
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NS-NS tadpoles result in redefinitions of the vacuum configuration, RR tadpoles signal in 
general genuine inconsistencies, and their presence is a symptom of the emergence of serious 
pathologies 0. 



Actually, one can conceive a more general construction in this case [0, allowing in the 
transverse-channel annulus different reflection coefficients for the Vg and 5*8 characters, so 
that 

A = ^[in^ + n_yVs-in^-n_ySs\ , (4.4) 

where n+ and n_ actually count the total numbers of D9 and D9 branes. It should be 
appreciated how their relative minus sign in the coefficient of 5*8 accounts neatly for their 
opposite RR charges, while they have clearly identical couplings to the graviton, consis- 
tently with the coefficient of Vs. The direct-channel annulus amplitude 

A = +^ - {Vs - Ss) + n+n. (Og - Cs) (4.5) 

reflects the opposite GSO projections for open strings stretched between two D-branes of 
the same type (99 or 99) and of different types (99 or 99) While the former yields 

the supersymmetric type I spectrum, the latter eliminates the vector and its spinorial 
superpartners, while retaining the tachyon and the spinor of opposite chirality. As a result, 
supersymmetry is broken and an instability, signaled by the presence of the tachyonic 
ground state, emerges. 

The Mobius amplitude 

M = ±i(n+ + n_) Vs + lin+ - n.) Ss (4.6) 

now involves naturally an undetermined sign for Vg, whose tadpole is generally incompatible 
with the one of 5*8, and is to be relaxed. Together with A, the two signs lead to symplectic or 
orthogonal gauge groups with S fermions in (anti) symmetric representations and tachyons 
and C fermions in bi-fundamentals. 
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In these ten-dimensional models, the only way to eliminate the tachyon consists in 
introducing only D9-branes. Depending on the signs in the Mobius amplitude, one thus 
recovers either the SO(32) superstring or the USp(32) model of ll^. On the other hand, 
more can be done if one compactifies the theory on some internal manifold. In this case, 
one can introduce Wilson lines (or, equivalently, separate the branes) in such a way that in 
the open strings stretched between separate 9 and 9 branes the tachyon actually becomes 
massive. It is instructive to analyze in some detail the simple case of circle compactification. 
As in the previous example, the Klein bottle amplitude is not affected, and is given by 

lC = \{y,-S,)P , (4.7) 

where P denotes the sum over momentum states. However, the Wilson line affects the 
annulus amplitude, that in the transverse-channel now reads 



K + (-l)"n_)2V8-(n+-(-l)»n_)2S8 W , (4 



where {—1)'^W denotes an oscillating winding sum. As a result, in the direct channel 
amplitude 

2 2 

A = !^±±I^ ^Vs -Ss)P + n^n. {O, - C,) P^'/'^ , (4.9) 

where p(^/^) denotes a sum over —shifted momentum states, both the tachyon and the C 
spinor are lifted. The open sector is completed by the Mobius amplitude 

M = ^ [±(n+ + n_) Vs + in+ - n_) Ss] P , (4.10) 

and at the massless level comprises gauge bosons in the adjoint of SO(n+) x SO(n_) (or 
USp(n+) X USp(n_), depending on the sign of Vg in Ai) and S spinors in (anti)symmetric 
representations. 

4.1. Toroidal compactifications with nine and five (anti)branes 

Let us now turn to six-dimensional toroidal compactifications. In this case, one has the 



interesting option to introduce in the standard type I model of |2^ pairs of D5-D5 and 
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D9-D9 branes. The result includes a chiral spectrum confined to the (non-supersymmetric) 
branes, and calls for the introduction of six- dimensional Green-Schwarz couplings to the 
single tensor present in the projected closed spectrum to cancel the residual gauge and 
mixed anomalies. 

The starting point in this construction is the standard type IIB string compactified on 
a four-torus, for which 

r = - Ssl^ = \V4O4 + - C4C4 - -54^4!^ . (4.11) 

One can now add the standard Klein bottle projection 

/C = ^ (^8 - -^8) = ^ {V,0, + 0,V, - C,C, - S,S,) , (4.12) 

where, for later convenience, we have explicitly decomposed the S0(8) characters into 
products of SO (4) ones. The transverse-channel annulus amplitude 



2"^ f 



2 

+ 2 (V"404 + O4I/4 + C4C4 + 848^) 



(Nl + N^)vW^ + (Dl + D'i)-P^ 

V . 



N+N_ V W^{-)''W + D+D_ - P^{-)'^P 

V 



+ 2 {V4O4 - O4V4 - C4C4 + S4S4) (^j-^ {N+D+ + N_D_) 

+ 2 (V^404 - O4V4 + C4C4 - S4S4) (iV+D_ + iV_D+)| (4.13) 

is somewhat unconventional, and thus deserves some comments. Actually, the 99, 99, 99, 
55, 55 and 55 contributions have already been discussed previously and do not need further 
explanations, but one should notice the presence of Wilson lines (brane displacements) 
in the 99 (55) sectors. These arc to affect different directions, and are needed to lift the 
tachyons that would otherwise be present in the open spectrum. The transverse-channel 
amplitude A, however, includes additional mixed terms, absent in ordinary toroidal con- 
structions, that are to be interpreted as orbifold-like projections. In fact, the simultaneous 
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presence of 9 and 5-branes, a familiar feature of orbifold models, halves the number of su- 
persymmetries and results in the corresponding (Z2) breaking of the characters Vg and Ss- 
Of course, due to the simultaneous presence of branes and antibranes, the complete theory 
is not supersymmetric, as implied by the different signs in the RR sectors. The orbifold-like 
structure of the annulus amplitude can be better appreciated after an S transformation to 
the direct-channel amplitude 



A 



= -(W4 + - - S4S4) [{Nl + Nl)P^ + {Dl + Dl) 

+ (O4O4 + ^4^4 - SaC^ - C^S^ \n^N_ P^p(^/^^ + D+D_ W^W^^/^^ 



+ (O4-54 - C4O4 + - S^V^) ( ) (iV+L>_ + N_D+) . 



^4 

V 



{N+D+ + N_D_) 



(4.14) 



While the mixed ND terms have the structure familiar from Z2 orbifolds, no breaking terms 
are actually present in this case both for N and D charges. This is precisely as demanded 
by the consistency conditions for open-string constructions, since only the toroidal bulk 
states are allowed to propagate in the transverse channel. 

One can now derive the transverse-channel Mobius amplitude combining the terms in 
K, and A at the origin of the lattices, so that 



Mo = ^V^UW, 



1 



+ e04V4 
-|- C4C4 

-|- jS'4<S'4 



(N+-N^)y/^+(D+-D^) 



1 



{N+-N_)V^-{D+-D.)^ 



(4.15) 



and extract two NS-NS and two RR tadpole conditions for this class of models: 
V4O4 : 



(7V+ + 7V_ + 32e)V^+^^i^=^ =0, 
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041^4 : {N+ + N^ + 32e)v^ - = , 

C^C^ : (iV+ - iV_ - 32) + ~ = , 

S4S4 : {N+ -N^- 32)v^ - ~ = . (4.16) 



The RR tadpole conditions demand that the net charge of the D9/D9-branes, — N^, be 
equal to 32, and that the numbers of D5 and D5 branes be the same. It is then impossible to 
satisfy the NS-NS tadpoles, and as a result a potential is generated for the six-dimensional 
dilaton, (pQ, and for the volume v of the internal torus: 



-<l>6 



(Ar+ + Ar_ + 32e)v^- 



(4.17) 



This potential has the peculiar property of stabilizing the internal volume to the value 

.0 = + , (4.18) 

while giving a mass to the corresponding (breathing-mode) field. This feature is common 
to all models with 9, 9, 5 and 5 branes that we shall encounter in the following Sections. 

The direct-channel Mobius amplitude 
M = ^l^eiN+ + N_){V^di + d^V^)P^-e{D+ + D_){V^di-diVi) 

+ - N^) ((74(74 + ^4^4) - {D+ - D-) ((74C4 - 54^4) I (4.19) 

follows from ( [4.15|) after one includes the massive contributions and performs a P trans- 



formation. The massless open spectrum depends on the sign e, that is not fixed by tadpole 
conditions. For e = —1, it comprises gauge bosons in the adjoint of S0(A^+)9 x S0(A^_)9 
X USp(D+)5 X USp(L'„)5, with the matter 

4scalars : (A, 1; 1, 1) , (1,A;1,1), (1,1;A1), (1,1;1,^), 
2scalars : (/,1;/,1), (1,/;1,/), (!,/;/,!), (/,1;1,/), 
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L-spinor : (A 1; 1, 1) , (1, 1; ^, 1) , (i,i;i,A, 

R-spinor : (A 1; 1, 1) , (i,i;Ai), 

halfL-spinor : (1, /; /, 1) , 

half R-spinor : (/, 1; /, 1) , 

where S (A) and / denote the (anti) symmetric and fundamental representations. On the 
other hand, for e = +1 symmetric and antisymmetric representations are interchanged in 
the bosonic sector (thus also interchanging orthogonal and symplectic gauge groups), while 
the massless closed states, still supersymmetric, fill the J\f = (1, 1) supergravity multiplet. 
It should be appreciated that, to lowest order, after a toroidal compactification to four 
dimensions, for e = +1 (e = —1) the spectrum on the D9 and D5 (D9 and D5) branes has 
M = 2 supersymmetry, if suitable gauge subgroups for the D9 and D5 (D9 and D5) branes 
are regarded as global symmetries. Thus, to lowest order the resulting massless spectrum 
has A/" = 4 supersymmetry in the bulk, M = 2 supersymmetry on the branes (antibranes), 
while it is not supersymmetric on the antibranes (branes). The open sector is chiral and 
leads to residual mixed and gauge anomalies, summarized by the polynomial 

Jg = i (tri?2 - trF^^ + iiFl ) {tiF^^ - trF|,_) , (4.20) 



and removed by Green-Schwarz couplings |2^ involving the single antisymmetric tensor 
present in the massless closed spectrum, while the RR tadpole conditions guarantee the 
cancellation of all irreducible tri?^ and tiF^ anomalies. 

One can further deform these spectra, allowing for a non-trivial quantized NS-NS Bij 
of rank r. Due to the peculiar structure of the models, the closed sector behaves as in 



standard toroidal compactifications [^, whereas the annulus amplitude, modified as in 
in the transverse channel reads 



2 



-5 



A = —UV^Oi + O^Vi-C^d-S^S^) 



{•fij}=±l {rii} 
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{mi} 



+2(1^404 + 041^4 + C4C4 + -54^4) 



{mi} 



{^j}=±l{ni} 



+2 X 2'-/2 {V4O4 - O4V4 - + (^^) {N+D+ + N_D_) 

+2 X 2'-/2 [ViOi - O4V4 + C4C4 - ^4^4) (^^^ ^ {N+D_ + N_D+) | . (4.21) 



The corresponding transverse-channel Mobius amphtude 
M = 



I {Vj}=±l{ni} 



inriiBijipj 



7^ 



+e(L>+ + L>_)(y404- 041^4) 



{99j}=±l {Ui} 



+e{D+ - DJ){CiCi - S4S4) 



(4.22) 



is thus fixed by factorization and, as usual, involves the signs that enforce a proper 
normalization. As a result, the net RR charge of the D9/D9-branes is reduced by a factor 
2'"/^ and, after a modular transformation to the direct channel, 2''/^ copies of the ND 
sectors are present, while the 7^, allow for continuous interpolations between orthogonal 
and symplectic gauge groups only on the D9 and D9 branes. 

4.2. The /Z2 orbifold revisited 

Let us now reconsider the open descendants of the jZ^ orbifold, allowing for the 
simultaneous presence of branes and antibranes of the same type. For the sake of clarity. 
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let us begin from the torus amplitude 



T=\l\Qo + Qvl'A' + \Qo - Q.r ? + l6\Qs + Qd' ^ ' + 16|Q. - 



and its Klein bottle projection 

/C = ^ + Q.)(P' + W^)+2x 16e (Q, + Q,) (^^ 
where we have used the standard Z2 decompositions 

Qo = V4O4 — C4C4 , = O4V4 — S4S4 , 

= O4C4 — S4O4 , ~ V4>S'4 — C4V4 . 



to 


V 


•1 




^3 





(4.23) 



(4.24) 



(4.25) 



We have written /C in this form, since one can actually modify the Klein bottle projec- 
tion for twisted closed states, as in |jlO|. Multiple Klein-bottle projections, first discussed in 
||23|| , have also interesting physical applications to tachyon-free non-supersymmetric open- 
string models [^. The choice e = +1 corresponds to the usual T'^ / Z2 orientifold, and gives 
a closed unoriented spectrum containing M = (1,0) supergravity coupled to 20 hypermulti- 
plets and 1 tensor multiplet, while the choice e = — 1 gives M = (1, 0) supergravity coupled 
to 4 hypermultiplets and 17 tensor multiplets. 



From the Klein-bottle contribution to the massless tadpoles 
/Co 



2^ 
4 



(4.26) 



one can anticipate the need for a net number of 32 D9 and 32 (anti)D5-branes (for e = ±1, 
respectively) in order to cancel the RR tadpoles. 

Proceeding as in the previous Sections, the annulus amplitude in the presence of branes 
and antibranes is 



A 



4' 



(1^404 + O4V4 - C4C4 - S4S4) (Nl + Ni) + (d; + Dt) w 



+ 2(0404 + V^Vi - Sid - C^Si) N+N^ P'^Pi/2 + D+D_ 



+ {V,Oi - 0,V, - 0404 + ^45*4) (^) ' {Rl^ + Rl_ + Rl^ + Rl_ ) 
+ 2(04^4 + ViSi - S^Oi - C4V4) (J-^ ' + N^D^) 

+ 2(04^4 + V^4C'4 - 0404 - ^4V^4) (j-^ ' {N+D^ + N^D+) 

+ 2(04(74 — K4S'4 — 5*404 + 04^4) {Rn+Rd+ + Rn.RdJ) 

+ 2(-04^4 + 1^404 - O4O4 + 5-41^4) {j-^\rn+Rd, + Rn^Rd+)^ , (4.27) 

where N± {D±) refer to the D9 and D9 (D5 and D5) branes, respectively, and the i?'s are 
orbifold-induced breaking terms. As in the previous cases, in order to hft the tachyons, fol- 
lowing we have inserted the D5 and D5-branes at different fixed points of the orbifolds, 
and we have added Wilson lines for the D9-branes along a different coordinate. 

Finally, the Mobius amplitude 

1 



M 



(F4O4 + - - S4S4) N+ + eD+ W 



+ O^Va + C'404 + ^4^4) 



N_ P* + eD_ 
^2r/' ^ 



- (1^404 - O4V; - O4O4 + ^4^4) I^yJ {eN+ + D+) 

- - diVi + 0404 - 54^4) (eiV„ + 



(4.28) 



gives a proper symmetrization of the annulus amplitude, while the tadpole conditions 



- = 32 , - L)_ = 32 e 



Rn+ — Rn- — Rd+ — Rd- — 



(4.29) 



require net numbers of 32 D9-branes and 32 D5-branes (antibranes) for e = ±1. 

The choice e = +1 corresponds to a deformation of the supersymmetric U(16) x U(16) 
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model and requires the introduction of complex charges, so that 



N± = n± + n± 



D± = d± + d± 



Rn± =i{n±- n±) 



Rd± =i{d±- d±] 



(4.30) 



The resulting massless open spectrum can be extracted from 

^0 + -^0 = + n^n^ + d^dj^ + d_d_) {V4O4 — C4C4) 

1 



+ ^'^K + K^ ^- + nt+di + di + dt + di) {O4V4 - S4S4) 
+ (n+(J+ + n^d+ + n^d^ + n^d^) {O4C4 — 5404) 



(4.31) 



— (n+(i_ + n_(i+ + n+(i_ + n_(i+) C4O4 + +(n+(i_ + n+(i_ + n_(i+ + n_(i+) 045*4 

- ^{(n+ + n+ + c/+ + J+) (d4V'4 - S'4S'4) + (n_ + fi_ + + J_) (64V'4 + S'4S'4)} . 

The 99 and 55 sectors are supersymmetric, and comprise vector multiplets in the adjoint of 
U(n_,_)9 X U(n_)9 X \J{d+)^ x U((i_)5, together with hypermultiplets in the antisymmetric 
and conjugate antisymmetric representations. On the other hand, the 99 and 55 are not 
supersymmetric and contain left-handed Weyl fermions in the antisymmetric and conjugate 
antisymmetric representations, and a quartet of real scalars in the symmetric and conju- 
gate symmetric representations. Finally, the 95 and 95 sectors give hypermultiplets in the 
(n+ , J+) and (n_ , J_), respectively, while the 95 and 95 sectors, evidently not supersym- 
metric, give a quartet of scalars in the (n_(_ , d^), {n_ , d^) and right-handed Weyl fermions 
in the (n+ , d-), («_ , d^). The irreducible gravitational and gauge anomalies vanish as a 
result of tadpole conditions, whereas the residual anomaly polynomial 

1 



tvR^ - 2(trF^^ - trF^J tri?^ - 2(trF^^ - trF|, 



(4.32) 



requires a conventional Green-Schwarz mechanism |2^ involving the single antisymmetric 
tensor present in the massless closed spectrum. 
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The choice e = — 1 corresponds to a deformation of the original model in |jTo|, and calls 
for the parametrization 

N± = n± + m± , Rn^ = n± — m± , 

D± = p± + q± , Rd± =P±-q± , (4.33) 

in terms of real charges. The massless open spectrum can now be read from 
Ao + Mo = ^{nl + n'i+ml + m'^_+pl+p'^_ + ql + q^_) {¥^0^ - C^Ci) 
+ {m+n+ + m_n_ + + {O4V4, - S4S4) 

+ ("^+9+ + + rn_q^ + (O4C4 - 6*404) (4.34) 

+ {m^p- + n+g_ + 'm-p+ + ri-q^) O^^S^ — {m^q_ + n+p_ + 'm-q+ + n-p+) C4O4 
- ^{(n+ + m+-p+-g+)(f404-W4) + (^-+m_-p_-g_)(f404 + C74C'4)} , 

and the massless excitations thus comprise gauge bosons in the adjoint of S0(m+)9 x 
S0(n+)9 X S0(m_)9 x SO{n^)g x USp(p+)5 x USp(g+)5 x USp(p_)5 x USp(g„)5, left- 
handed Weyl fermions in the adjoint of SO(m+), SO(n_|_), USp(p+) and USp(g+), in the 
symmetric representations of SO(m_) and SO(n_) and in the antisymmetric representa- 
tions of USp(p_) and USp(g_). They also comprise a full hypermultiplet in the (m+ , ra+), 
(m_ , n_), (p+ , q+), {p- , q-), as well as half hypermultiplets in the (m+ , g+), (n+ , p+), 
(m_ , q_) and (n_ , p_). Finally, the 95 and 59 sectors comprise complex scalars in the 
(m+ , p_), (?T,+ , g_), (m_ , j9+) and (n_ , g+), and left-handed symplectic Majorana-Weyl 
spinors in the (m+ , g_), (n^ , p_), (m_ , q+) and (n_ , p+). 

The tadpole conditions eliminate all irreducible gauge and gravitational anomalies, 
whereas the residual reducible anomaly 



2tri?2 _ (trF^ ^ + trF^^ - trF^_ - tiF^ - tiF^ - trF^^ + trF^^^ + ^.^^ 
- 7^ (trF™+ + tiF^ - tiFl_ - tiFl_ + iiFl + trF^^^ - tiFl - tiF^ 
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+ 64 



2 



n 

2 I j-„T72 



+ 64 K 



(4.35) 



can be removed by a generalized Green-Schwarz mechanism [32 



In both models a potential is generated for the six- dimensional dilaton and the volume 
of the internal manifold 

(L>+ + D_ -32e)' 



eff 



(iV+ + Ar_ -32)v^- 



(4.36) 



as a result of uncancelled NS-NS tadpoles. As in the previous model, this stabilizes the 
internal volume at a local minimum, that in this case is 

D.+D_- 32e 



^^0 



(4.37) 



+ iV_ - 32 

and gives mass to the corresponding (breathing-mode) field. 

In the present models discrete deformations for the NS-NS i?-field may be introduced 
as in p6| , |2^ , and result in a reduced total RR charge for nine and five (anti)branes and 
in multiplicities for the ND sectors. Moreover, the corresponding signs in the Mobius 
amplitude allow continuous interpolations between orthogonal (symplectic) and unitary 
gauge groups. 

4-3. The non-supersymmetric /Z^ orbifold revisited 

As a last example, we would like to generalize the non-supersymmetric T^/Z^ orbifold 
of Section 3, allowing for the simultaneous presence of branes and antibranes. As in the 
previous examples, the torus and Klein bottle amplitudes are not affected, whereas the 
annulus and Mobius amplitudes are now given by 
1 ' 



A 



^00 



00 

2 



+ 2(iV+D+ + iV.D.jV'so (^) i'a + 2{Rn+Rd^ + i?iv_i?zp_)^2i02i (^) (4-38) 



and 



= -l\{N+PiP2Ps-D+WiW2P3)i^oo + {N+-D+)PsjPo2('^] 



+ {N.P^P^Ps - D_W,W2P3)iL^ + - D-)Psil2^ 



^2. 
\ 2 



2, 



2 / 2^ \ , o^C C aJ. 12 i^V 



+ 2(5^^+ - ^D+)V^oi0oi [jj + 2(-Sa,^ - ^^J^oa^oa [j^^ 

+ 2(5^,_ - (5j + 2(5^_ - ^DjV^fc^^^a {j^ } , (4.39) 

where the ip^s and 0's have been introduced in Section 3, P^/^ and W^^"^ denote shifted 
momentum and winding sums, and we are parametrizing again the 9, 9, 5 and 5-brane 
charges by N±, D± and by their orbifold- induced breakings R, S and T. The Z4 action 
suggests the parametrization 

= n± + m± + p± + m± , -D± = 5± + r± + s± + f± , 

Rn± = n± + im± - p± - im± , Rd± = g± + ^^^i - - 'ir± , 

-SiVi = n± - m± + p± - m± , Sd± ^ q±-r± + s±-f± , 

Tiv± = n± - im± -p± + irh± , T^^ = q± - ir± - s± + if± (4.40) 

and, as expected from the simpler case discussed in Section 3, the RR tadpole conditions 
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fix to 32 the net numbers of D9-branes and D5-branes, and require the vanishing of all the 
R, S and T breaking coefficients. Even in this case the NS-NS tadpole conditions can not 
be satisfied, and clS db result the potential 

(D+ + D_ + 32)' 



{N+ + N^-32)y/^ + 



(4.41) 



is generated for the four- dimensional dilaton and the volume of the internal manifold. As 
in the previous cases, it constrains the internal volumes, since it has a minimum for 

^ ^ N+ + N_-32 ^ ' 

From the tadpole conditions and the massless contributions to A and Ai, one finds the 
Chan-Paton gauge group S0(n+)9 x S0(p+)9 x U(m+)9 x S0(n_)9 x S0(p_)9 x U(m_)9 
X USp(g+)5 X USp(s+)5 X U(r+)5 x USp(g_)5 x USp(s_)5 x U(r_)5. The 99 and 55 
sectors are supersymmetric and, aside from J\f = 1 vector multiplets in the adjoint of the 
gauge group, comprise chiral multiplets in the representations]^ 

99: 2(?i+,m+) , 2(p+,m+), {n+,p+) , Am+ , Am+ , 
55: 2(g+,f+) , 2(s+,r+), (g+,s+), Sr+ , Sr+ . 

The 99 and 55 sectors are non-supersymmetric and, aside from the gauge bosons in the 
adjoint of the corresponding gauge groups, comprise Dirac spinors in the representations 

99 . Sn_ , Sp_ , Adjy^_ , , , 

55 : Aq_ , Ag_ , Adj^_ , A,._ , Ar_ , 

scalars in the representations Sm_ and Sm_ {Ar_ and Ar_), pairs of chiral multiplets in the 

representations {n-,fhJ) and {p^^mS) {{q^,f^) and (s_,r_)), and a single chiral multiplet 

in the representation (n^,p ) ((g_,s_)) for the 99 (55) sectors. The 95 spectrum contains 
^For the sake of brevity, we denote by Sa (^a) the (anti)symnietric representations for the a-th factor 
in the gauge group, by Sa (^a) their conjugates, and by Adj the adjoint of unitary factors. 
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scalars in the representations (n+,g_), (m+,f_) and (m+,r_), and spinors in 

the representations {n^,f_), (p+,r_), (m+,s_) and (m+,g_), while the 59 sector contains 
chiral multiplets in the representations (n+,f+), (p+,r+), (m+,s+) and (m+,g+). Finally, 
the 59 and 59 sectors give similar contributions, with suitable relabelings of the Chan-Paton 
charges. This chiral spectrum is free of non-abelian gauge anomalies. 



5. Conclusions 

In this paper we have discussed type I models where the basic two-dimensional con- 
sistency conditions (RR tadpoles), although apparently unsolvable, can actually be solved 
provided supersymmetry is broken at the string scale on some (anti)branes, while some 
amount of supersymmetry is left, to lowest order, on other branes, and most notably in the 
bulk (gravitational) sector. 



This new feature of our mechanism (called in [T^ brane supersymmetry breaking), where 
the breaking is tied to the string scale, is the main difference compared to other previously 
known mechanisms in heterotic strings [|ll|], in type I strings |14|, |15|, [13|, |3^ or 



in M-theory Brane supersymmetry breaking is typically accompanied by uncanceled 
NS-NS tadpoles for the dilaton at some moduli fields of the compact manifold. 

Since our models contain non-BPS brane-antibrane systems, one might wonder whether 
they correspond to stable configurations. This is indeed the case, and actually the "min- 
imal" D9-D5 pairs of aside from having no open-string tachyons, experience no net 
mutual forces, as can be seen from the vanishing of the corresponding annulus amplitude. 
Following WTl IT8[, these models can be further deformed by the inclusion of additional 



brane-antibrane pairs of the same type (D9-D9, D5.j-D5.t)- We would like to stress that this 
additional deformation is an interesting option, not required by any RR tadpole conditions. 
Rather, it destroys local tadpole cancellations, while the new brane-antibrane pairs do expe- 
rience mutual forces, although the tachyons resulting from strings stretched between them 
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may be lifted if the endpoints are suitably separated in the internal space. Interestingly, the 
NS-NS tadpoles resulting from the various mutual interactions between (anti)branes and 
orientifold planes determine a scalar potential that can actually stabilize some of the radii 
of the compact space, giving masses to the corresponding fields. Large (small) volumes, 
however, require unnaturally large numbers of D5-D5 (D9-D9) pairs, whose presence, there- 
fore, asks for a dynamical reason. Since the whole approach is perturbative, the dilaton 
potential has, not surprisingly, a runaway behavior towards vanishing string coupling. We 
would like to stress that all these constructions, despite their attractive features, do not 
solve the problem of the (four-dimensional) cosmo logical constant. 

Breaking supersymmetry at the string scale is a viable phenomenological alternative 
if our world is a non-supersymmetric (anti)brane and the string scale M/ is in the TeV 
range, or if our world is on a brane that, to lowest order, is supersymmetric. In the latter 
case, supersymmetry breaking could be mediated by gauge interactions, and a realistic 
spectrum would ask for a string scale of the order of 100 TeV if the non-supersymmetric 
(anti)brane gauge coupling were of order one, or at an intermediate value if the (anti)brane 
gauge coupling were suppressed by the volume of the internal space. Alternatively, if 
this coupling were very tiny, gravitation would mediate supersymmetry breaking with an 
intermediate string scale of the order of 10^^ GeV The (tree-level) supersymmetry 
present in the bulk sector can have far-reaching physical consequences. Indeed, quantum 
corrections to brane/antibrane couplings can also be interpreted in terms of effective brane 
couplings to bulk fields. If these respect the bulk symmetry, one could contemplate the 
fascinating possibility of living in a non-supersymmetric world where quantum corrections 
are governed by a supersymmetric bulk sector. In this case, the gauge hierarchy would be 
protected and the quantum corrections would be very similar to those of a supersymmetric 
brane theory. We will return to these interesting issues in the near future. 



-38- 



Acknowledgments 

C.A. and A.S. would like to thank the Physics Department of the Humboldt University, 
C.A. and E.D. would like thank the Physics Department of the University of Rome "Tor 
Vergata", and A.S. would like to thank the Centre de Physique Theorique of the Ecole 
Polytechnique for the warm hospitality extended to them while this work was in progress. 
This research was supported in part by the EEC under TMR contract ERBFMRX-CT96- 
0090, and in part by the National Science Foundation, under Grant No. PHY94-07194. 



-39- 



A Characters for the rV^2 x orbifolds 

In this Appendix we list the x Z2 characters needed for the models in Section 2. 
They may be expressed as ordered products of the four S0(2) level-one characters, O2, 1^2, 
S2 and C2: 



V2O2O2O2 + O2V2V2V2 — S2S2S2S2 — C2C2C2C2 



log 



O2V2O2O2 + ^202^^2 — C2C2S2S2 — S2S2C2C2 



Toh — O2O2O2V2 + V2V2V2O2 — C2S2S2C2 — S2C2C2S2 



Tof — O2O2V2O2 + V2V2O2V2 — C2S2C2S2 — S2C2S2C2 



'go 
'^99 
'^gh 

^gf 

Tho 
'Thg 
Thh 
^hf 



V2O2S2C2 + 02V2C2<S'2 — <S'2<S'2V202 — C2C2O2V2 



02^>S'2C2 + V2O2C2S2 — S2S2O2V2 — C2C2V2O2 



— O2O2S2S2 + V2V2C2C2 — C2S2V2V2 — S2C2O2O2 



— O2O2C2C2 + V2V2jS'2jS'2 — S2C2V2V2 — C2S2O2O2 



V2S2C2O2 + 02C2<S'2V2 — C202V^C2 — <S'2V202<S'2 



O2C2C2O2 + V2<S'2<S'2V2 — C2O2O2S2 — S2V2V2C2 



— 02>S'2C2^ + V2C2'S'202 — 5'202V2>S'2 — C2V2O2C2 



— O2S2S2O2 + V2C2C2V2 — C2V2V2jS'2 — S2O2O2C2 



V2S2O2C2 + 02C2V2<S'2 — <S'2V2<S'202 — C2O2C2V2 



O2C2O2C2 + V2<S'2V2<S'2 — C2O2S2O2 — S2V2C2V2 



— O2S2O2S2 + V2C2V2C2 — C2V2S2V2 — S2O2C2O2 



— 02'S'2V2C2 + V2C202'S'2 — C2V2C2O2 ~ jS'202'S'2V2 



(Al) 



While these are sufficient to describe all supersymmetric Z2 x Z2 amplitudes, when brane 
super symmetry breaking is present additional characters are needed to describe the open 
strings stretched between branes and antibranes. These new characters, that we denote by 
\ are obtained from the others in eq. interchanging O2 with V2 and 5*2 with C2 in 
the last three factors, that correspond to the three internal tori: 



T, 



i- 



T, 



09 



T, 



oh 



T, 



T, 



T, 



(- 
of 

{- 
90 

{- 



99 



'gh 



T, 



9f 



ho 



T, 



T, 



hh 



T, 



hf 



T 



fo 



T. 



fg 



r 



T 



ff 



O2O2O2O2 + V2V2V2V2 — C2S2S2S2 — S2C2C2C2 



V2V2O2O2 + O2O2V2V2 — S2C2S2S2 — C2S2C2C2 



V2O2O2V2 + O2V2V2O2 — S2S2S2C2 — C2C2C2S2 



V2O2V2O2 + O2V2O2V2 — S2S2C2S2 — C2C2S2C2 



O2O2S2C2 + V2V2C2S2 ~ C2S2V2O2 — S2C2O2V2 



V2V2S2C2 + O2O2C2S2 — C2S2O2V2 — S2C2V2O2 



V2O2S2S2 + O2V2C2C2 — S'2>S'2V2V2 — C2C2O2O2 



V2O2C2C2 + 02V25'2S'2 — C2C2V2V2 — S2S2O2O2 



O2S2C2O2 + V2C2»S'2V2 — 5*202 V2C2 — C2V2O2S2 



V2C2C2O2 + 02>S'2>S'2V2 — S2O2O2S2 — C2V2V2C2 



V2S2C2V2 + O2C2S2O2 — C2O2V2S2 — S2V2O2C2 



V2S2S2O2 + O2C2C2V2 — S2V2V2S2 — C2O2O2C2 



O2S2O2C2 + V2C2V2>S'2 — C2V2>S'202 — S'202C2V2 



V2C2O2C2 + 02>S'2V2S'2 — S2O2S2O2 — C2V2C2V2 



V2S2O2S2 + O2C2V2C2 — S'2V2>S'2V2 — C2O2C2O2 



V2S2V2C2 + O2C2O2S2 — S2V2C2O2 — C2O2S2V2 



(A2) 
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B Characters for the T^/Z^ orbifold 

In this Appendix we list the characters needed for the Z4 orientifold of Section 3: 

Poo = V'202XoCo + 02^2X0^4 - 'S'2C2Xo6 - C'25'2XoC-2 , 

POl = ^21^2X1/2^-2 + O2O2X1/26 - 3282X1/2^0 - C2C2X1/2U : 

P02 = V2O2X0C4 + 02^^2X0^0 - 'S'2C2XoC-2 - C'2S'2Xo6 , 

P03 = ^'2^2X1/2^2 + O2O2X1/2C-2 — >S'25'2Xl/2'C4 — ^'2(^2X1/2^0 , 

PlO = ^2'S'2X0^-3 + O2C2X06 - 'S'2O2X0^-l - C2V2X0C3 , 

Pll = ^2(^2X1/26 + 02'S'2Xl/2C-l - 'S'2l^2Xl/2^-3 " (^202X1/26 , 

Pl2 = V^2'S'2XoCl + O2C2X0C-3 - 'S'202Xo6 - C2V2X0^-1 , 

Pl3 = ^'2(^2X1/2^-1 + (52'S'2Xl/2C3 - '52^2X1/2^1 " (^2(52X1/2^-3 , 

P20 = ^2^2X1/2^0 + (52V2X1/2C4 — 'S'2(72Xl/2C2 — (52>S'2Xl/2C-2 , 

P2I = ^2^4X0^-2 + (^2(^2X06 - 'S'2'S'2X0^0 - (^2(^2X0^4 , 

P22 = V2O2X1/2U + (^2 ^2X1/26 - S2C2X1/2C-2 - C2S2Xl/2^2 , 

P23 = ^"2 1^2X06 + O2O2X0C-2 - 'S'25'2XoC4 - (^2(^2X06 , 

P30 = ^2(^2X06 + 0282X0^-1 - S2V2X0^-3 - C202Xoil , 

PZI = ^2'5'2Xl/26 + (^2(^2X1/2^-3 - 8202X1/2^3 - (^2^2X1/2^-1 , 

P32 = ^^2(^2X0^-1 + 0282X0^3 - 'S'2V^2Xo6 - (^2(52X0^-3 , 

P33 = ^'25*2X1/2^-3 + (32(^2X1/2^1 - 52(92X1/2^-1 - (52V2X1/2C3 ■ (Bl) 

The (T characters are obtained interchanging in the internal part O2 with V2, ^0 with ^4, ^2 
with C2, and ^2 with ^_2: 

(Too = 1^214X0^4 + (^2(52X0^0 " 8282X0^-2 " (32(^2X06 , 
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CTOI — ^^202X1/2^2 + 021^2X1/2^-2 — S2C2X1/2U — C2S2Xl/2^0 , 

(J02 = 1^2V'2XoCo + O2O2X06 - 'S'2'S'2Xo6 - (^2(72X0^-2 , 

Cro3 = ^"202X1/2^-2 + O2V2X1/26 - 'S'2C'2Xl/2Co - C'25'2Xl/2C4 , 

(720 = O2O2X1/2C0 + ^"2^2X1/2^4 — S2S2Xl/2i-2 — 020*2X1/2^2 , 

(721 = V'2O2X0^-2 + O2V2X06 - 'S'202XoCo " 0252X0^4 , 

(722 = 1^2^2X1/2^0 + 0202X1/2^4 - S2S2X1/2C2 - O2O2X1/2C-2 , 

(723 = 1^202X06 + 02V^2XoC-2 - 'S'202XoC4 " 025*2X06 ■ (B2) 
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